We report the nucleotide sequence of a 2652 bp derived from a chicken 90-kDa heat shock protein (hsp 90) genomic clone. This fragment contains 890 bp of the 5 1 flanking region and 1762 bp of structural gene sequence encoding the first 85 amino acids of the protein. The start site of transcription was determined by primer extension and RNase mapping. Two introns have been identified. The first intron presents two features in common with the unique intron of the hsp 83 of drosophila: its location just before the ATG initiation codon and its length of 1.3 Kb. The 5' flanking region contains a TATAA element, a CCAAT box and several putative cis-regulatory elements that might account for the basal level of expression and developmental regulation of the gene. Functional analyses show that hsp 90 gene expression is constitutive and heat inducible and that a full heat shock response requires the cooperativity of two distinct blocks of overlapping heat shock response elements.
INTRODUCTION
Hsp 90 belongs to the large family of stress-induced proteins. This protein is ubiquitous and its amino acid composition is highly conserved from bacteria to man (1) (2) (3) (4) (5) (6) (7) . In most cells, hsp 90 is abundant at normal temperature and induced by heat and other stresses (8) , but abundance and inducibility have been shown to vary according to tissue-type and developmental stage. Its expression is induced during sporulation in yeast (9, 10) and oogenesis in drosophila (10) . Hsp 90 accumulation seems to constitute a general feature of transformed or immortalized cells (11, 12) . In embryonal carcinoma cells, a high level of expression is observed, and has been shown to be accompanied by a loss of heatinducibility (13) . Finally, a hormonal regulation has been described in mouse uterus where accumulation of hsp 90 occurs a few hours after estrogen stimulation (14) .
The cellular function of hsp 90 is unknown, but evidence for its absolute requirement has been given in yeast where mutations that affect both hsp 90 genes have been shown to be lethal (8) . In higher eukaryotes, hsp 90 has been found associated with tyrosine kinase oncogene products of several retroviruses (15) , with steroid hormone receptors (16) (17) (18) , with eIF2a kinase (19) , and with
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actin (20) and tubulin (21) . The specific function of hsp 90 in these complexes has not been established. In the hsp 90-steroid hormone receptor complex it has been shown that steroid binding activity is protected against inactivation (22, 23) and that the receptor does not bind DNA. The mechanism by which hsp 90 prevents DNA binding may be simple masking (24) , unfolding of the DNA binding domain (25) , or prevention of receptor dimerization (26) . It is possible that the level of hsp 90 expression may modulate the cell response to steroid hormones. Hsp 90 itself may be under direct or indirect steroid hormonal control.
In mouse and human, two hsps 90 encoded by two distinct genes and sharing a high degree of amino acid identity have been described: hsp 90a and hsp 90(3 in human (7, 27, 28) , hsp 84 and hsp 86 in mouse (6, 29) . On the basis of their aa identity chicken hsp 90, human hsp 90a and mouse hsp 86 belong to the hsp 90a group (5) . The a and P genes are regulated differently. In human, hsp 90a is regulated by Ela; the {3 form is not (28) . In mouse, hsp 86 is less abundant in absence of heat shock, but more heat inducible than hsp 84 and is also overexpressed in early embryo (13) . To date, the only reported promoter structure of the hsp 90 gene family in higher eukaryotes is that of drosophila hsp 83 (30) . It has been investigated essentially as a model of transcriptional activation by heat shock factor (31) .
In order to characterize elements involved in the control of a hsp 90 expression, we have cloned the chicken gene promoter. We show that the chicken hsp 90 gene is a split gene with a promoter functional both at basal level and under heat shock conditions. We demonstrate that two HSE (heat shock element) blocks are necessary for the maximal heat shock response and that 378 bp are sufficient to account for a full basal level of expression. Furthermore, the hsp 90 5' gene region contains several putative cis-regulatory elements of potential interest in developmental and hormonal regulation.
MATERIALS AND METHODS Screening of a chicken genomic library
A chicken genomic library constructed in A 47.1 (32) was screened by plaque hybridization (33) with a 1.1Kb hsp 90 cDNA insert from the p9.11 clone (34) . This probe contains the region coding for the first 329 AA of the chicken hsp 90 and 19 bp of the 5'non-coding region (5) . Nitrocellulose filters were hybridized to the [32P] p9.11 cDNA probe (106cpm/ml) at 68°C in 6xSSC according to standard procedures (33) . Filters were washed once in 2xSSC, 0.1% SDS for one hour at room temperature and once in lxSSC, 0.1% SDS for two hours at 68°C.
Southern blot analysis and subcloning
Positive clones were isolated, plaque purified and mapped by restriction digestion. Southern blots were done with 1 ug of X recombinant DNA or 15 ug of high molecular weight chicken liver DNA digested with various enzymes, blotted onto nitrocellulose filters, and hybridized to [32P] p9.11 cDNA probe. Hybridization and washing conditions were as described above for the genomic library screening. Further mapping of the cloned DNA was performed after subcloning in pUN121 (35) .
Nucleotide sequencing
Restriction fragments were subcloned into mpl8/mpl9 vectors (36) and overlapping fragments were sequenced on both strands by the chain-termination DNA sequencing method (37) (Fig. 3) , filled-in at the Aval site, and subcloned into Smal-PstI sites of pSP73 (Promega-Biotech). One ug of this construct was then linearized with EcoRI, and the labelled RNA probe was synthetized using T7 RNA polymerase (Amersham) and [a32p] CTP (Amersham). The resulting probe was purified on a 4% acrylamide/urea gel and ~ 10 6 cpm were hybridized with 10 ug of total RNA from chicken hepatoma cells. RNase digestion was done using RNase A and Tl as described by Melton et al. (42) . Primer extension products and fragment protected from RNase were analyzed on a &% acrylamide/urea gel. For each experiment, negative controls were done using 10 ug of yeast tRNA. As a size standard we used the sequence ladder of a genomic fragment (-890, +378) ( Fig. 3) annealed to the 24-mer oligonucleotide used in primer extension experiments. Cell culture and transfection The two constructs used in transfection experiments were obtained in a promoterless vector pBL/CAT3 containing the chloramphenicol acetyl transferase gene (CAT) (43) . For pBL(-890, + 99), the Sstl-Bgll fragment (-890, + 381), blunted at both sites, was subcloned in the polylinker region of pUC9 (44) at the Smal site. This construct was then digested with Hindi! and PstI and the resulting insert (-890, +99) subcloned into pBLCAT3, between the filled-in HindHI site and the Quail myoblast cells Q12TS68 (45) were grown in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal calf serum (Gibco), 0.1% insulin and 1% glutamine. ~ 106 cells were plated per petri dish(0 = 8.5 cm) 24 hours prior to the transfection. Calcium phosphate precipitates were prepared as described (46) . The cells were transfected with 1 ug of DNA, heat shocked for 90 min at 45°C 16 hours after transfection, then allowed to recover for 90 min at 37°C. Control cells were kept at 37°C. CAT activity was assayed as described (47) 2) were sequenced (Fig. 3) . Comparison of the genomic sequence with that of the cDNA showed that the 5' sequenced region of hsp90 contains 3 exons and 2 introns (between nucleotide position -1 and +1, 159 and 160 as numbered in the cDNA sequence) (5) (Fig. 2 and Fig. 3 ). Both the 5' and 3' splice junction sequences are in good agreement with the exon-intron consensus boundary sequences (48, 49) as shown in table 1.
In order to map the transcription initiation site, we used both primer extension and RNase mapping analysis (Fig. 4) . For primer extension, we used a probe (complementary to nucleotide +59 to +82), whose sequence was derived from a region located just upstream of the first intron ( + 59,+ 82). The same transcription initiation site is obtained with poly(A) + RNA from chick oviduct (lane 2) and with total RNA from control (lane 3) and heat shocked cells (lane 4). This result indicates that the same transcription initiation site is used under control and heat shock experimental conditions. Moreover, the ~ 10 times more intense signal obtained with heat shock RNA versus control RNA demonstrates the heat inducibility of the cloned hsp 90 gene. We have chosen as +1 the position predicted by the most intense band from the primer extension data (arrow in Fig. 4 ). In addition, the 5 1 end of the mRNA was also determined by RNase mapping analysis (Fig. 4, lane 6 The exon-intron junctions were determined by aligning the cDNA sequence with the genomic sequence. The sizes of the introns are indicated. The consensus sequence given is from Sharp (47) and Mount (48) .
overlapping HSEs). The two proximal HSEs share a higher degree of homology with the consensus (13 of 14 bp match) than the two distal ones (12 of 14 bp match). Overlapping proximal HSEs also contain multiple GAA blocks arranged in alternating orientations at 2 nucleotide intervals and shown to constitute a common feature of functional HSEs (51, 52) . Seven putative SP1 binding sites (GGGCGG, CCGCCC) (53) are located at nucleotides -16,-20,-104,-127,-383,-572 and 606. Two putative hormone responsive elements AGCACAGTCCCTTCT (-450) and CGCACACACAGTTCT (-598) partly match with the glucocorticosteroid response element (GRE) (54, 55) GGTACANNNTGTTCT, (12 of 15 bp and 11 of 15 bp match respectively). The putative GRE located at position -598 contains the hexanucleotide AGTTCT. The same hexanucleotide is found in the upstream region of the chicken lyzozyme promoter, where it is protected in in vitro DNase I footprints using progesterone and glucocorticosteroid receptors, and corresponds to a hormone inducible DNase I hypersensitive site (56) . Functional analysis of the hsp 90 promoter
We tried to determine the region of the promoter involved in basal expression, and the implication of proximal and distal putative heat shock regulatory elements in the heat shock response. Transfection experiments were performed in quail myoblast cells Q12TS68. Two constructs, pBL(-890, + 99) and pBL(-378, + 99) containing a portion of the flanking region and the entire leader sequence fused to the CAT reporter gene in pBLCAT3 were tested (Fig. 5) . The promoterless plasmid pBLCAT3 gave no detectable CAT activity under these experimental conditions (data not shown). The thymidine kinase promoter fused to the CAT gene (pBLCAT2) was tested as a control of transfection efficency.
pBLCAT2 (lanes 1 and 2) , pBL(-378, + 99) (lanes 5 and 6) and pBL{-890, + 99) (lanes 9 and 10) present the same basal CAT activity (conversion 5%). Under heat shock, plasmid pBL(-890, +99), which contains proximal and distal HSEs, yields 2 times as much total CAT activity as does pBL(-378, + 99) (conversion 20% as compared to 10%) (compare lanes 7 and 8 with lanes 11 and 12). As expected, with pBLCAT2, CAT activity is not induced under heat shock (compare lanes 1 and 2 with lanes 3 and 4). The same results were obtained in 4 independent transfection assays. Given the high constitutive accumulation of CAT activity that occurs between transfection and heat shock it is possible that the real efficiency of the promoter upon heat shock is under-estimated. For this reason, primer extensions done with heat shock and control RNA better account for the extent of induction (Fig. 4) . In constructs pBL(-890, + 99) and pBL(-378, + 99), the 5' untranslated leader has been conserved. Hsp leaders have been shown to be implicated in the preferential transcription and translation of other heat shock genes under heat shock (57, 58) . The absence of intervening sequences is a general feature of most heat shock genes. At present only a few heat shock genes containing introns have been reported: small hsp genes of nematodes (59), human hsp 27 gene (60), rat hsc 73 (61) (the non heat inducible constitutive homologue of hsp 70), drosophila hsp 83 (30) , and the gene encoding the chicken glucose-regulated protein hsp 108 (or grp 94) related to the chicken hsp 90 by ~ 50% amino acids identity and devoid of heat shock regulatory elements (62, 63) . Strikingly, the first intron in the chicken hsp 90 gene is located at exactly the same position as is the unique intron of the drosophila hsp 83 gene, just before the ATG codon. These two intervening sequences are also of the same size ~ 1.3 Kb, but no significant sequence homologies between them have been found. The significance of the evolutionary conservation of both location and size of this first intervening sequence remains to be determined. In drosophila, hsp 83 is always the last hsp to reach maximum synthesis and the last to be repressed after heat shock. This delay in expression may be related to a failure, of the RNA splicing of genes containing intervening sequences, at elevated temperatures (64) .
The start site for transcription has been determined. It delineates the 5' end of a 82 bp leader sequence.
In the 5 1 flanking region several elements have been localized. A TATA element, surrounded by GC-rich sequences, which is required in most eukaryotic genes for normal transcription initiation at the CAP site, is found at -30 bp. It contains the TATAA motif found within the TATA element of genes regulated by the adenoviral Ela protein and recently shown to be required for Ela transactivation of hsp 70 (65) . This motif is present in most heat shock promoter genes analyzed to date, including the drosophila hsp 83 promoter (30) , and an Ela regulation of the human hsp 90a gene has also been described (28) . Two CCAAT boxes are present at positions -149 and -768. Seven putative SP1 binding sites (-16,-20,-104, -127,-383,-572,-606) are present. All these elements are necessary for accuracy and regulation of the transcription. This arrangement of DNA sequences is that of a typical eukaryotic protein-coding gene promoter. Four heat shock elements are located at positions -63 and -73 (proximal overlapping elements), -485 and -495 (distal overlapping elements). Two putative steroid hormone response elements AGCACAGTCCCTTCT (-450) and CGCACACACAGTTCT (-598) present some homologies with the glucocorticosteroid response consensus element GGTACA-NNNTGTTCT. Further studies should permit to determine the functionality of these two putative hormone response elements in steroid responsive cells. They may be involved in developmental-stage and tissue-preferential expression of hsp9O.
In an attempt to delineate the regions of the chicken hsp 90 promoter involved in the basal and heat-induced expression of the gene, transfection experiments were performed with two constructs containing either 890 bp, pBL(-890, + 99), or 378 bp, pBL(-378, + 99), of the 5' flanking region. The results led to the following conclusions:
First, the elements that account for the constitutive activity of the chicken hsp 90 gene promoter are found in the region spanning from -378 to -1 in which a TATA element, a CAAT box, and several consensus for SP1 have been identified. All these elements are contained within a 149 bp sequence and further experiments should permit us to determine the limits of the region implicated in the basal expression of the gene. We are currently investigating the individual role of each of these regulatory elements and the extent of their cooperativity. The same elements are also present in a 70 bp region upstream of the transcription initiation site of the human hsp 70 promoter (66) . Putative cis-regulatory elements found in the region from -890 to -379 do not seem to be involved in the basal activity of the promoter but might play a role in different cell lines or under stimuli that affect cell growth or cell differentiation.
Second, the distal overlapping HSEs are necessary for a full induction upon heat shock, but a half-reduced induction still occurs when distal HSEs are removed. These results are in agreement with functional analyses of the Xenopus hsp 70 promoter which also requires at least two distinct blocks of overlapping HSEs for a full heat induced response (67) .
